Introduction
Mixing phenomena in gas stirred ladle systems have been frequently investigated in aqueous models in which, a centrally placed single porous plug/nozzle is used to stir the contents of the ladle. A great deal of information on this is already available in the literature and summarized by Mazumdar and Guthrie 1) in a review. While physical model studies of gas stirred ladles using a single, axi-symmetric/ asymmetric plug/nozzle are abundant, not many investigations on ladles stirred with dual plugs/nozzles have been reported in the literature. [2] [3] [4] Furthermore, practically all the macroscopic mixing models reported so far were derived for "slag-free" situation in which, the presence of an upper phase liquid was entirely ignored. Despite a few studies on mixing time with a simulated slag, [5] [6] [7] [8] explicit mixing time correlations applicable to slag covered, gas stirred ladles have not been possible till date.
Transient, three dimensional, multiphase, turbulent flow simulation is a pre-requisite to the numerical prediction of mixing time in industrial scale ladles. Flow calculations are invariably complex, time intensive and entail significant computational efforts. Furthermore, currently available CFD soft wares yet do not provide a physically based and sound framework to carry out modeling of flows in steel processing reactors with a great deal of certainty. In the absence of elaborate computational models, macroscopic models, though simplistic, are useful as these provide a reasonable, alternative basis for process analysis and design of steelmaking systems.
Consequently, the primary objective of the present work has been to experimentally investigate mixing phenomena in aqueous models of slag covered, gas stirred ladles and thereby, develop predictive correlations for estimating mixing times. Towards this, experimental results on 95% bulk mixing times derived from two different size water model ladles, in which, water is agitated by air, introduced through a pair of nozzles located diametrically opposite at mid bath radius position, are first presented and discussed. Explicit correlation is subsequently derived through dimensional March 19, 2010 ; accepted on June 1, 2010 ) Ninety-five percent bulk mixing times were determined experimentally in water models (Dϭ0.30 m and Dϭ0.60 m respectively) of a 140 T industrial ladle fitted with dual 'plugs' (located diametrically opposite at mid bath radius position) in the presence of an overlying, second phase liquid. Experiments were conducted to investigate the influences of gas flow rate, liquid depth, thickness of the upper phase liquid together with the latter's physical properties on mixing time. Within the range of variables studied, it is observed that besides gas flow rate, liquid depth and vessel radius, thickness of the upper phase liquid has the most significant bearing on mixing times. In contrast, considerably less pronounced effect of density and viscosity on mixing was noted. Dimensional analysis and regression of the experimental data show that 95 % bulk mixing times in slag covered, dual plug fitted ladles can be described, in terms of relevant dimensionless groups, via:
Mixing Models for Slag Covered, Argon Stirred Ladles
in which, Q is the gas flow rate, L is the depth of liquid, R is the vessel radius, DL is the thickness of the overlying liquid, r L is the density of the bulk liquid and n s is the kinematic viscosity of the upper or slag phase.
Mixing correlations applicable to slag covered, dual plug fitted ladle and its slag free counterpart were found to bear striking similarity. This, as a possibility, suggests that embodying an additional factor, (Ϸ6(DL /L)
) into a mixing correlation applicable to a slag free, gas stirred ladle, a correlation for an equivalent slag covered system can be derived. The hypothesis has been tested against axi-symmetrical gas stirred ladle system and towards this, relevant experimental measurements, mixing correlations etc. reported on such systems were applied. These suggest that 95% bulk mixing time in slag covered, axisymmetrical ladles can indeed be predicted reasonably well embodying the aforementioned addition factor into an existing correlation applicable to an equivalent slag free system. KEY WORDS: mixing time; experimental measurements; slag covered gas stirred ladles; correlations. 
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© 2010 ISIJ analysis and regression. Finally, derivation of appropriate mixing time correlations for slag covered ladles in general is addressed and a procedure with particular reference to axisymmetrical, gas stirred ladle systems elucidated. Figure 1 provides a schematic of gas injection into a steelmaking ladle. Typically Ar or N 2 is injected through a porous plug, located at the base of the ladle, into a bath of molten steel contained within a slightly outwardly tapered, cylindrical vessel. The injected gas, given its buoyancy, rises to the free surface inducing a turbulent recirculatory flow of liquid. This recirculating flow of liquid is well known for enhancing the rate of chemical and thermal homogenization, as well as accelerating the absorption and flotation of harmful non-metallic inclusions into an overlying slag phase. While relatively low gas flow rates (0.05-0.2 Nm 3 /h/tonne) are applied to achieve thermal and/or chemical homogenization, more intense stirring conditions are practiced in strong stir ladle stations, if slagmetal reactions are being promoted. Consequently, depending on the specific objective of a gas stirring operation, a wide variety of gas flow rates (0.05 to 1 Nm 3 /h/t) may be applied. This is shown in Table 1 , 9) in which, gas flow rates for various ladle metallurgy operations are summarized for two different steel mills.
Present Work
Background
Markedly different slag-metal flow regimes are to be expected in industrial gas stirred ladle systems, depending on argon flow rates and slag layer thickness. While the characteristics of molten steel-slag systems cannot be exactly replicated in aqueous analogues due to mismatches in various physical properties (viz., see Table 2 ), 10) some useful inferences nevertheless can be drawn from water model studies. To illustrate this better, interactions between the upper and the bulk phases in a water model ladle are shown through a set of photographs in Fig. 2 for two different gas flow rates and thicknesses of the upper phases (i.e., petroleum ether and mustard oil respectively). These indicate markedly different behaviors at different flow rates and upper phase properties. For example, at relatively low gas flow rates (2.5 L/min; r s /r L ϭ0.6) similar to those applied for ladle homogenization operations, the overlying liquid, as seen from Figs. 2(a) and 2(b), remains as a distinct upper phase regardless of its thickness. By contrast, at substantially higher gas flows (i.e., those used for de-sulphurization, etc.) (see Fig. 2(c) ), the upper phase liquid can be significantly disrupted and entrained subsurface in the form of Table 1 . Characteristics of ladle metallurgy steelmaking operations at two different steel plants. tiny droplets. With mustard oil as the upper phase, even at the smallest flow rate (ϳ2.5 L/min) and a thick* 1 layer, extensive deformation of the upper phase is possible around the spout, as is reflected from Fig. 2(d) . These figures admittedly paint a somewhat exaggerated picture of the industrial scenario, since actual slag-metal density ratios are only about 0.35, substantially smaller than those employed here (i.e. 0.6 and 0.9 respectively).
On the basis of the foregoing discussion and illustrations, it is reasonable to assume that at low to moderate specific energy input rates, e m ϳ0.01 W/kg, the slag layer in an industrial ladle (r s /r L ϳ0.35) is likely to remain as a distinct upper phase liquid* 2 (i.e. similar to the one shown in Fig.  2(a) ), and at much higher specific energy input rates, while a major portion of the slag layer shall still remain intact, some entrainment of the upper phase in the spout region is possible. A scenario such as the one in Fig. 2(c) , showing marked entrainment, represents an extreme situation that is unlikely in actual ladle metallurgy steelmaking operations. In the present work, a relatively low specific energy input rate (i.e. e m ϳ0.01 W/kg) and a slag cover (0.01ϽDL/LϽ 0.13) of relevance to thermal and material homogenization operation in argon stirred ladle (0.7ϽL/DϽ1.5), have been considered.
Experimental Procedure
Mixing times were measured in two different cylindrical vessels (I.D.ϭ0.60 m, and 0.30 m respectively) in which, water was agitated by injecting air through a pair of nozzles located at the bottom of the vessel at the mid bath radius position. The electrical conductivity measurement technique was applied to monitor mixing and estimate mixing time. The set up comprised of a conductivity probe supplied with a digital conductivity meter (Eutech ® make, CY-BERSCAN 200) which were employed to record changes in the local ion concentration of a pulse tracer (NaCl or KCl or H 2 SO 4 ) added directly to a point on the exposed liquid free surface lying in the proximity of the 'eyes' of the two surfacing plumes. Details of the experimental system, procedure for inferences of 95 % mixing times together with the reliability of measurements have already been reported in a previous publication 4) and consequently, not reproduced here. Physical dimensions and the range of operating parameters employed in the study are summarized in Table  3 for ready reference.
Quantification of the Influence of the Uupper
Phase on Mixing and Plausible Functional Relationships The many physical and mathematical model studies [11] [12] [13] [14] carried to date have combined to confirm that flow phenomena under typical ladle metallurgy steelmaking conditions (viz., 0.7ϽL/DϽ1.5, e m ϳ0.01 W/kg and n L ϭ10 Ϫ6 m 2 /s, negligible overlying second phase etc.) are essentially dominated by the inertial and the gravitational forces. This essentially suggests that viscous forces within the bulk of liquid are of only secondary importance as far as the hydrodynamics of the gas stirred ladle system is concerned. What is true for flow must therefore, be naturally true for mixing as well, since the latter can be characterized in terms of the flow velocities and turbulence parameters. Thus, in the absence of any upper phase liquid, mixing time has been expressed as a function of the operating variables according to The functional relationship expressed via Eq. (1) is likely to be inadequate for slag covered ladles since liquid flow 14) and mixing [5] [6] [7] [8] are known to be different and somewhat sluggish in the presence of an upper phase liquid. Consequently, one might be tempted here to generalize the above to a slag covered ladle considering additional variables, representing primarily the characteristics of the upper phase, according to:
To arrive at a realistic equivalent of Eq. (2), it is appropriate to refer here to a recent work 10) dealing with the subject of energy dissipation due to slag in gas stirred ladle systems. It is now well known that the upper phase liquid dissipates a part of the input energy 14) and in turn, makes flow and mixing somewhat sluggish. The more recent work of Mazumdar and Guthrie 10) has shown that under conditions similar to those practiced in ladle homogenization, re-routal of the surfacing plume and the accompanied flow reversal in the spout region due to a relatively thick layer of slag are important phenomena governing energy dissipation in such systems. One might therefore anticipate that thickness of the upper phase liquid (DL) would exert considerable influence on mixing. This is rather well known and has been experimentally confirmed by many independent groups of researchers. [5] [6] [7] [8] In contrast, physical properties of the upper phase liquid is likely to exert much less influence on bulk flow 10, 15) and hence, on mixing. These together with our measurements of mixing time in the presence of four different types of upper phase liquids (viz., Table 4 ) appear to indicate that while interfacial tension is likely to play a less important role (i.e., droplet formation, deformation of the interface etc. are largely absent under the conditions considered here), viscosity and density of the upper phase on the other hand can influence bulk flow and mixing to noticeable extent. This is so as kinematic viscosity of the upper phase governs the extent of motion within the slag
© 2010 ISIJ * 1 Thin and thick slag layer are relative terms. Under ladle metallurgy steelmaking conditions, depending on the size of the ladle and the objective of the refining operations, the volume of slag (and hence its thickness) can vary appreciably. Data collected from several industrial size vessels (44 to 185 t) indicate slag layer thickness varying between 3 and 7 % of the bath depth. The thickness of the upper phase liquid considered in this study ranges between 1 to 13 % of the bath depth and is therefore, regarded on a relative scale, as a thick slag. * 2 Typically, the top of the slag layer is crusty due to pronounced heat loss while the region underneath is likely to remain molten. layer while density differential/ratio determines the slag eye area and hence the severity of flow reversal in the spout region. 10) Both these properties of the upper phase are therefore likely to determine the extent of energy dissipation, influencing bulk mixing time as has been observed experimentally. As a first approximation, it is therefore reasonable to consider mixing time in slag covered ladles to be a function of operating variables and physical properties of the upper phase liquid according to: ... (4) in which, C 1 , is a dimensionless constant and depends on the definition of mixing, the location of the probe in the system, the gas injection configuration and so on. The values of C 1 , a, b, c, d etc. in Eq. (4), as summarized in the subsequent section, were determined by carrying out a large number of experiments in two different size water model ladles as a function of Q, L, DL etc. In these, due care was taken to ensure a Froude dominated flow regime and this necessitated that slag layer thickness is not too large. Accordingly, in majority of the experiments, the value of the dimensionless slag layer thickness, DL/L, was contained in the range 1 to 13 %.
Determination of the Pre-exponent and Various
Exponents in Eq. (4) for Ladles Fitted with Dual Plugs Located Diametrically Opposite at the Mid Bath Radius Position Mixing times were determined in two different vessels for various depths of slag layer as a function of gas flow rate, bulk liquid depth and four different types of upper phase liquid (viz., Table 2 ). The gas flow rates were so chosen that the specific potential energy input rate to the system (defined as: r L gQL/r L pR 2 L) remained close to 0.01 W/kg. In Figs. 3(a) and 3(b) , the variation of mixing times as a function of gas flow rate is shown under a variety of experimental conditions. There, it is readily seen that despite the presence of an upper phase liquid, a relationship of the type t m ϱQ Ϫ1/3 is respected reasonably well. Such a dependence of mixing time on gas flow rate, as one would note here, has been reported in the past by many investigators for slag free, axisymmetrical gas stirred systems.
1) A near 1/3 exponent on gas flow rate in Figs. 3(a) and 3(b) is indicative of the fact that within the range of gas flow rates and slag depths considered in this work, hydrodynamics in the bulk of aqueous phase is essentially governed by the inertial and gravitational forces (i.e., Froude dominated). 1) Several experiments were also carried out for different depths of the bulk phase liquid maintaining the depth of the upper phase as well as the gas flow rate constant. Results thus obtained are shown in Fig. 4 . There, it is readily apparent that experimental data points over a wide range could be correlated reasonably accurately via a functional relationship of the type, t mix ϱL Ϫ1.0 . It is interesting to note that the observed dependence of mixing time on liquid depth is substantially more steep than the one reported earlier for an equivalent slag free system 4) i.e., t mix ϱL Ϫ0.6 (see also later). Similarly, in Figs. 5(a) through 5(c), experimental measurements of mixing times as a function of the depths of the upper phase liquid are shown for a wide range of experimental conditions. These evidently confirm a relationship of the type t mix ϱDL 0.3 between mixing time and slag layer thickness.
On the basis of the experimental results presented so far, it is therefore reasonable to conclude that the following functional relationships exist between mixing time and the operating parameters namely, Q, L and DL in a slag covered, dual plug fitted ladle viz., (9) In terms of the key variables, the preceding relationship can be re-cast in the following explicit form, viz., ... (10) or, in terms of a dimensionless slag depth h, (ϭDL/L), as:
.... (11) Equations (10) and (11) provide the desired relationship among mixing time, operating variables and the relevant characteristics of the upper phase liquid for a twin plug fitted ladle.* 3 The effectiveness of regression is illustrated in Fig. 6 . Considering uncertainty to the tune of 20 to 25 % in such experimental measurements due to inherent flow transients etc., the fitting of experimental data to Eq. (10) can be considered reasonable. It is important to reiterate here that the preceding relationships have been formulated to cater to lade homogenization and are specific to Froude dominated, slag covered, dual plug fitted ladles subject to the conditions (i) 0.7ϽL/DϽ1.5, (ii) e m ϭ0.01 W/kg (max), (iii) n L ϭ10 Ϫ6 m 2 /s and (iv) 0.01ϽhϽ0.13. Their extrapolation to conditions beyond the currently validated range is uncertain.
Mixing times in the presence of different types of upper phase liquid as shown in Table 4 mixing times are practically identical between benzene and petroleum ether despite some differences in their physical properties. In contrast, significantly longer mixing times (by a factor of 1.7 or so) were recorded with mustard /silicone oil as the upper phase liquid under similar operating conditions. Since density and surface tension of mustard oil are not as much different from those of benzene or petroleum ether (see Table 1 (a)), it is likely that prolonged mixing times in the case of mustard/silicone oil are the result of latter's remarkably higher viscosity. Given that a five fold higher viscosity extends mixing times by about 60 to 70 %, one might anticipate here a rather weak dependence of mixing time on the viscosity of the upper phase liquid. Indeed, results presented in Table 4 , in general, appear to indicate only marginal dependence of mixing time on the physical properties of the upper phase liquid. This has been reflected well through the small exponents on kinematic viscosity and density in Eqs. (10) and (11) respectively. It is important to mention here that a large density differential (i.e., a lighter slag) necessitates less energy to push the upper phase liquid for creating the slag eye. In contrast, a more viscous upper phase liquid would tend to dissipate more energy due to viscous work. Looked at from such stand points, counter acting influences of kinematic viscosity and density of the upper phase liquid on bulk mixing time, as reflected from Eq. (11), appear to be physically consistent. It is instructive to note here that Iguchi and coworkers 15) had carried out extensive measurements of various flow properties in similar size water model of an argon stirred ladle as a function of the physical properties of the upper phase liquid. These authors noted that liquid rise velocity (both mean and fluctuating components), bubble rise velocity, bubble frequency, gas hold up etc. do not depend on the nature of the upper phase liquid to any significant extent. This as a distinct possibility suggests that mixing times are expected to be weakly dependant on the physical properties of the upper phase liquid, as has been observed in this study. This is so as mixing is the result of convection and turbulence diffusion phenomena. It is therefore reasonable to conclude that "thickness" rather than physical properties of the upper phase liquid is a dominant characteristic of the upper phase liquid and exerts significant influence on mixing time in slag covered ladles.
Mixing Time Correlation Applicable to Axisymmetrical, Slag Covered, Gas Stirred Ladle Systems
Recently, Mandol and coworkers 4) have proposed a mixing time correlation for a slag free gas stirred ladle, fitted with dual porous plug (placed at ϮR/2), according to:
Remarkably, there is striking similarity between Eqs. (11) and (12) as far as exponents on Q, L and R are concerned. Considering experimental uncertainty to the tune of Ϯ20% or so associated typically with such measurements, one may, as a first approximation consider the dependence of mixing time on L, R and Q as expressed via Eqs. (11) and (12) to be practically equivalent. Given such, one can manipulate Eqs. (11) and (12) and arrive at the following relationship:
... (13) This as a distinct possibility suggests that embodying the factor, (Ϸ6h
), into a mixing time model applicable to slag-free ladles, a correlation for an equivalent slag covered, gas stirred ladle system can be readily deduced. To test this hypothesis further, mixing time in an axisymmetrical gas stirred ladle system has been considered. More than two decades back, Mazumdar and Guthrie 17) proposed a semi-empirical correlation, in SI units, for such system as:
........... (14) Equation (14), as one would note here, is applicable to Froude dominated ladle flows (i.e., (i) 0.5ϽL/DϽ2.0, (ii) e m ϳ0.01 W/kg and (iii) n L ϭ10 Ϫ6 m 2 /s) in the absence of any upper phase liquid. Based on the discussion presented above, an appropriate form of Eq. (14), applicable to an equivalent slag covered system, can be represented as :
), the explicit mixing correlation for axisymmetric, slag covered ladle becomes:
... (16) As pointed out already, a few experimental investigations on axisymmetric, gas stirred system in the presence of an upper phase liquid have been carried out and reported in the literature. [5] [6] [7] [8] Not all such measurements can however be applied here to evaluate the adequacy of Eq. (16), since energy input regimes, degree and definition of mixing etc. employed in these studies are beyond the range for which Eq. (16) holds. Extensive comparison could only be attempted against measurements reported by Kim and Fruehan 5) as well as some recent experimental results 18) obtained in our laboratory. In Fig. 7(a) , experimentally measured 95 % mixing times 5) are compared directly against equivalent estimates derived from Eq. (16) . There, excellent agreement between the two is readily apparent. Similar conclusion readily follows from Fig. 7(b) in which, experimental measurements for two different size, axisymmetric water model ladles have been applied to assess the adequacy and appropriateness of Eq. (16) . Evidently, the supposition that a mixing correlation for a slag covered ladle can be derived from the one applicable to an equivalent slag free condition, has been substantiated reasonably well through Figs. 7(a) and 7(b). Looked at from such stand points, the factor, G(Ϸ6h
), appears to have some generality. This is being currently evaluated further with reference to an eccentric, single plug fitted gas stirred ladle system.
Application to the Modeling of Industrial, Slag
Covered, Gas Stirred Ladle System Extrapolation of mixing models developed in this work to actual steelmaking ladles is unlikely to be constrained due to the mismatch of physical properties of liquids as long as the flow phenomena within the bulk of liquid is Froude dominated and other conditions such as, 0.70Ͻ In addition, the proposed correlations can provide necessary guide lines for correlating flow rates in model and full scale systems of gas stirred ladle systems, since slag rather than no slag, is more typical of industrial practices. As corresponding time scales in geometrically and dynamically similar systems vary in accordance with l 1/2 (i.e., ϭ t mix, mod /t mix, f.s ), consequently adapting Eq. (16) (19) in which, K is a numerical constant whose value depends on the choice of the upper phase liquid vis à vis the bulk, in the model study program. For example, if oil is used to represent the upper phase (r s ϭ920 kg/m 3 and m s ϭ 0.07 kg/(m · s)) in an aqueous model, Kϭ1.038. This further implies that conventional flow rate scaling relationship 1) i.e., Q mod /Q f.s ϭl 5/2 , for all practical purposes, continues to apply to slag covered gas stirred ladle system.
As a final point, mixing time correlation (viz., Eq. (17)) developed in this work can be applied in conjunction with a fully predictive slag eye area correlation 19) i.e.,
... (20) to formulate a constrained optimization problem to evolve operating guidelines for melt shop (viz., in terms of optimal argon flow rates, slag layer thickness and so on) ensuring simultaneously adequate mixing and minimal re-oxidation (through the exposed slag eye area). Work in this direction is currently in progress in our laboratory.
Conclusions
Extensive experimental measurement of mixing times in two different size water models of a twin plug, slag covered industrial ladle were carried out as a function of gas flow rate, liquid depth, slag layer thickness and physical properties of the upper phase liquid. From the present work, the following major conclusions can be drawn:
(1) The physical properties of the upper phase liquid (e.g., density and viscosity combined) exert relatively small influence on bulk mixing time.
(2) Of all the characteristics of the upper phase liquid, the thickness (DL) of the latter influences mixing within the bulk of liquid most.
(3) In the inertial and gravitational force dominated flow regime (viz., 0.7ϽL/DϽ1.5, e m ϳ0.01 W/kg, n L ϭ 10 Ϫ6 m 2 /s and 0.01ϽhϽ0.13), 95% bulk mixing time in a ladle fitted with twin plugs (located diametrically opposite at mid bath radius positions) can be described via: ] is adequate for estimating 95 % mixing times in axisymmetrical, gas stirred ladle systems in the presence of an upper phase liquid.
(5) There is sufficient indication that commonly adopted gas flow rate scaling equation i.e., Q mod /Q f.s ϭl 
